1. Introduction 1. Introduction 1. Introduction 1. Introduction 1. Introduction Self-ventilated induction motors are widely used as traction motors for railway vehicles. However, they require periodical overhauls for internal cleaning, and the self-ventilation fan inside them represents a major source of acoustic noise when rotating at high speed. Although totally enclosed motors avoid these problems, they have an inferior cooling performance compared to ventilated motors. In general therefore, totally enclosed induction motors output less power and are bulkier and heavier for the same output power. Meanwhile, the advance of rare-earth permanent magnets has made permanent magnet synchronous motors (PMSMs) applicable to large electrical motors. In general, PMSMs have higher efficiency and require less cooling than induction motors. We therefore started the development of a totally enclosed PMSM that has the same output power and bulk as conventional self-ventilated induction motors. At first, we targeted the essence of its application to commuter trains and developed a 140 kW totally enclosed PMSM. The development of this unit was reported in our previous paper [1] . We have also developed a 235 kW totally enclosed PMSM for next-generation suburban trains, and this paper reports on its development. T T T T Table 1  able 1  able 1  able 1  able 1 T  T T  T Train specifications  rain Tables 1 and 2 show the specifications of the train and a comparison of the motor specifications respectively. A number of design techniques were used to increase the output power while maintaining the same outside dimensions. Firstly, we adopted a frameless structure to allow the diameter of the stator iron core to be increased. Secondly, we eliminated the rotational position sensor to enable an increase in the stack length of the core and applied sensorless vector control. Thirdly, the number of poles was increased from four to six. In general, a large number of poles can make both the yoke depth and coil end length short; the stack length and inner diameter of the stator core can therefore be increased. In addition to the structures outlined above, a novel cooling structure was applied to improve the cooling performance around the bearings, which have a lower temperature rise limit than the stator winding. Figures 1 and 2 show exterior and sectional views of the prototype motor respectively.
Two cooling structures were used in the previous motor. Firstly, we placed a circular cooling space around one bearing to separate it thermally from high-temperature air inside the motor. Secondly, we placed a small disk with grooves on the shaft outside the motor on the other bearing side to send cooling air around it. In this 235 kW motor, we combined these two cooling structures, i.e. a small fan was placed in the cooling space to send cooling air around the bearings. This structure is so effective that the temperature rise of the bearings is the same as or less than that of conventional self-ventilated motors. A temperature rise test was carried out to verify these structures, and the results are shown in Fig. 3 .
During the test, cooling air was blown to simulate the airflow that occurs when trains are in motion. The power was supplied from a voltage source inverter and the motor was operated at the rated output. The results show that the temperature rises of the bearings, magnets and winding are all below their limits. 
where p is the number of pole pairs, ω is the rotational speed (rad/s), and Ψ m is the permanent magnet flux linkage (Wb). As can be seen in equation (1), the open circuit voltage increases proportionally to the rotational speed and to the permanent magnet flux linkage. The limit of the permanent magnet flux linkage can therefore be determined from the open circuit voltage limit V 0 limit when the motor is rotating at the maximum speed ω max as shown below Fig. 2 Sectional view of the prototype motor Fig. 2 Sectional view of the prototype motor Fig. 2 Sectional view of the prototype motor Fig. 2 Sectional view of the prototype motor Fig. 2 Sectional view of the prototype motor Fig. 3 Results of temperature rise test Fig. 3 Results of temperature rise test Fig. 3 Results of temperature rise test Fig. 3 Results of temperature rise test Fig. 3 Results of temperature rise test The output torque T of a PMSM can be expressed as
where I d is the d-axis current, I q is the q-axis current, L d is the d-axis inductance and L q is the q-axis inductance.
This expression is based on the two-axis model of a salient-pole synchronous machine. The first term on the right of equation (3) is referred to as the magnet torque, and the second term is the reluctance torque. When Ψ m is limited, the magnet torque is also limited with limited input current. However, the reluctance torque is independent of Ψ m , so additional torque can be obtained by using the reluctance torque. This torque increases proportionally to the difference of L d and L q , and this difference originates in the magnetic saliency of the rotor. We therefore used an interior permanent magnet structure and optimized the rotor iron core structure to make good use of the reluctance torque [2] , [3] . Figure 4 shows a conceptual drawing of the rotor structure. In each pole of the rotor, two permanent magnets are placed in a V shape to increase the magnetic saliency necessary to generate the reluctance torque. Figure 5 shows the no-load test result, with Fig. 6 showing the load test result. The magnet torque in Fig.6 was calculated using the measured open circuit voltage and q-axis current, and the reluctance torque was calculated by subtracting the magnet torque from the total torque. According to these tests, about 60% of the output torque is reluctance torque. It is therefore confirmed that the reluctance torque is effectively used to increase the output torque, i.e. decrease the input current. Energy consumption was calculated by numerical simulation to estimate the energy saving effect of installing the totally enclosed PMSM. A particular route and train set in service were assumed for the calculation, whose principal input data is shown in Table 3 . Running curves were calculated from these data considering running resistance, speed restrictions and vehicle performance. The traction motor loss was calculated using equivalent circuit and loss generation characteristics of the motor based on test results [4] . Regenerative braking was assumed to be effective at all times.
The calculation results are shown in Fig.7 . As demonstrated in our previous work, the totally enclosed PMSM generates a smaller loss than conventional motors because it generates no copper loss in the rotor and a smaller ventilation loss than the self-ventilated motor. The loss in the totally enclosed PMSM is therefore about half that of the self-ventilated induction motor, and as a result the energy consumption of the train equipped with the totally enclosed PMSM is 12% smaller than that of conventional trains. This reduction in energy consumption reduces CO 2 emissions as well as the cost of the electric power used. T T T T Table able Acoustic noise was measured to confirm the noise reduction effect of the totally enclosed structure. The motor was rotated with no load and noise was measured using sound-level meters placed at a distance of 1 m from the motor surface in four horizontal directions (parallel with and perpendicular to the motor axis) and one vertical direction above the motor. The measurement was in conformity with JIS Standard [5] . Figure 8 shows the average sound level of the five directions at each rotational speed. The measurement results of the conventional self-ventilated induction motor are also shown for comparison. At each rotational speed, the sound level of the totally enclosed PMSM is smaller than that of the self-ventilated induction motor. In particular, the difference is the largest at the maxi- Rotational speed /min A-weighted sound pressure level dB Self-ventilated induction motor Totally enclosed PMSM mum speed, and the sound level of the PMSM is 7 dB lower than that of the conventional motor. It is thus confirmed that the totally enclosed PMSM has a significant noise reduction effect. The design and performance evaluation of the newly developed 235 kW totally enclosed PMSM are presented in this paper. The highly efficient PMSM and the novel cooling structure enable high output power with a totally enclosed structure. Through performance tests and calculations, it has been demonstrated that the totally enclosed PMSM has the significant advantages listed below when compared with the conventional self-ventilated motor: V The energy consumption of the train can be reduced due to the motor's higher efficiency. In an example of the calculation results, the reduction was 12%.
V The acoustic noise level can be reduced by 7 dB when compared at the maximum rotational speed.
V Periodical overhauls for internal cleaning are not necessary (only those for the maintenance of bearings are needed). This new traction motor technology is now being used on JR West's U@tech test train [6] with a view to using it in commercial operation.
